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The aim of this study was to determine the impact of harvesting traffic by evaluating the spatial variability of soil physical attributes 
on a clayey Oxisol under sugarcane cultivation using different row spacing. Two areas of sugarcane production (RB855156 
genotype) were planted in autumn 2013, both using conventional planting systems. Treatments were either sugarcane cultivated 
using: (i) single-row spacing (SR) of 1.50 m; or (ii) double-row spacing (DR) of 0.40 × 1.50 m. Areas using SR spacing occupied a total 
of 6 ha areas using DR spacing occupied a total of 2 ha. Assessments of soil physical attributes were performed during the summer 
of 2016 after the second harvest. Soil measurements in each area were done at 100 points using a grid design with dimensions of 
10 m long by 5 m wide. Soil sampling was taken from the 0.00-0.10 m layer, from points distributed along the planted row and the 
machine’s wheel track.  The following soil physical attributes were assessed: bulk density, total porosity, macroporosity, 
microporosity, soil penetration resistance, and water contentat field capacity. Bd and PR in the single-row spacing showed critical 
values for adequate sugarcane root development. The highest spatial variability of PR and Ma was found in double-row spacing, 
however, this spacing arrangement promoted a better soil physical conditions. 
 




Sugarcane production in Brazil presents economic 
importance due to its production potential and climate 
adaptability. During the 2017/2018 sugarcane harvest, Brazil 
produced approximately 633 million tons (CONAB, 2018), 
coming first in worldwide production of sugarcane, and 
second in ethanol production (FAO, 2017). Fuel ethanol and 
electric energy generated from sugarcane bagasse are 
fundamental pillars in Brazil's energy matrix (Nyko et al., 
2013).  
In the majority of cultivated areas in Brazil, the sugarcane 
harvest is migrating from the use of traditional systems 
(manual harvesting of the whole cane) to a mechanized 
system, resulting in soil management changes, especially in 
relation to inter-row spacing. Reductions to sugarcane 
productivity have been attributed to excessive traffic near 
cultivation rows when using traditional spacing (row 
distance corresponding to machine wheel distance), which 
in turn leads to problems effecting root development and 
regrowth of plants (Braunack et al., 2006; Otto et al., 2011 
Souza et al., 2015; Arcoverde et al., 2019). This scenario can 
be aggravated in areas where clayey soils are predominant 
(Morrison & Gawander, 2016), especially if machine traffic 
occurs in conditions of inadequate soil moisture (Souza et 
al., 2015; Guimarães Júnnyor et al., 2019), which favor 
compaction (Reichert et al., 2009). 
Geostatistical tools have been used to verify the spatial 
variability of soil physical attributes in order to better 
understand the changes promoted by traffic (Souza et al., 
2010). In this sense, use of double spacing can minimize soil 
compaction near the cultivation row, improving the physical 
quality of the soil (Esteban et al., 2019; Scarpare et al., 
2019). Castioni et al. (2019) accurately showed the spatial 
variability of soil physical attributes, and thereby assisted in 
the management of agricultural practices that directly affect 
the physical parameters of tropical weathered soils. The aim 
of this study was to evaluate the spatial variability of soil 
physical attributes on a clayey Oxisol under sugarcane 
cultivation using different row spacings, in order to 
determine the impact of harvesting traffic. 
 
Results and discussion 
 
Soil physical attributes 
 
Table 1 shows the highest Bd and lower Tp and FC mean 
values in the single-row spacing, evidencing a poorer 
physical quality than the double-row spacing. Similar results 
were observed by Braunack and Mcgarry (2006), who 
obtained similarly lower Bd and PR values in double-row 
spacing (0.3 x 1.8 m), compared to single-row spacing (1.5 




in an Oxisol in sugarcane cultivation using a double-row 
spacing associated with controlled traffic. Although there 
was no significant difference, the PR presented a trend of 
lower values, and the Ma and Mi values presented a trend of 
higher values in the DR spacing when compared with SR 
spacing. Likewise, Mendes de Sousa et al. (2017), did not 
observe differences on PR, Ma and Mi values in a soil with 
sugarcane under single (1.5 m) and double-row (0.9 x 1.5 m) 
spacing. In our study, the non-statistical difference between 
spacing was probably due to the organic matter 
contribution, reducing changes in soil structure and pore 
size (Reichert et al., 2009). 
In the DR spacing Bd values of 1.40 Mg m
-3 
were observed 
(Table 1), similar to what was previously documented by 
Souza et al. (2004), also in an Oxisol under sugarcane 
cultivation. According to Reichert et al. (2003), in clayed soils 
Bd >1.40 Mgm
-3
 is restrictive for most agricultural crops. 
Specifically in sugarcane, Vasconcelos et al. (2004) observed 
a restriction of root development in clayed soils (between 
49-60% clay), with Bd values of 1.45 Mg m
-3
. In this sense, 
high Bd values in the SR spacing (1.44 Mg m
-3
) reflect the 
machines’ excessive traffic, since the area was in its third 
year of mechanized harvesting. 
Additionally, the critical PR value of 2.50 MPa is considered 
also to be a restrictive physical attribute for root 
development in most crops (Camargo and Alleoni, 1997). As 
seen in Table 1, we observed the PR in SR spacing reach 
higher than critical values (2.68 MPa), whereas the PR in DR 
spacing was valued at 2.49 MPa. Table 1 also shows the 
effect of machine traffic observed in relation to Ma values, 









). According to Carvalho et al. (1991) and 
Reichert et al. (2009), Ma is the physical attribute most 
affected by soil compaction. 
In both spacings the Bd, Tp, Mi and ƟFC values showed a 
lower variability (<15%), while the PR and Ma values showed 
a higher variability (<35%). However, higher values of Bd 
(minimum of  0.96 and maximum of 1.77 Mg m
-
³), PR 
(minimum of 0.50 and maximum of 9.88 MPa), Ma 




) and ƟFC 





observed in DR spacing (Table 1). These results are possibly 
associated with the two zones in this type of spacing: (i) 
sugarcane root growth zone; (ii) machine traffic zone. In the 
machine traffic zone, high values of Bd and PR, and low 
values of Ma and ƟFC can occur, and in the root growth zone 
these values are inverted, resulting in attributes with greater 
amplitudes. Similar results were observed by Souza et al. 
(2010) in an Oxisol under sugarcane cultivation. 
 
Spatial variability of soil physical attributes  
 
All analyzed soil attributes in the SR spacing presented 
spatial dependence (Table 2). The Bd, PR, Ma and TP values 
showed better semivariograms adjusted by the exponential 
type model, while the Mi and FC values showed better 
adjustment using the Gaussian model. Results agree with 
Souza et al. (2004) and Souza et al. (2010), who similarly 
observed spatial dependence between the variables Bd, Tp, 
Ma, Mi and PR in sugarcane with SR spacing.  
On the other hand, none of the soil attributes in the DR 
spacing presented spatial dependence, showing evidence of 
a pure nugget effect (Table 2).The absence of spatial 
dependence is probably associated with the occurrence of 
the two variation zones, as explained above. This caused the 
semivariance values to remain constant as the distance 
increased (range). However, when there was a distance 
increase between neighboring points, there should be a 
semivariance increase until reaching a sill where it would 
become invariant, indicating an unexplained variability, 
considering the sampling distance used. In this case, the 
study of structure of variability requires a sampling grid with 
greater area coverage, and/or numbered points (Webster 
and Oliver, 2007). 
The C0/(C0 + C1) relationship showed strong spatial 
dependence for the PR, Mi and  ƟFC, and moderate spatial 
dependence for the Bd, Tp and Ma attributes in SR spacing 
(Table 2), indicating that the semivariograms explain most of 
the attribute variance evaluated. 
Bd presented the greater range (31.29 m), followed by Mi, 
ƟFC, Ma and Tp, which presented ranges of 18.98 m, 18.45 
m, 10.95 m and 9.6 m, respectively. All of these attributes in 
SR spacing showed greater reach, compared to the PR range, 
which presented a reach of 1.02 m (Table 2). The range 
differences between attributes could be due to the intrinsic 
spatial variability of each attribute, where the greatest range 
can be observed for those with lowest variability, i.e. with 
lower coefficient of variation (Bd, Ma, Mi, ƟFC and TP). PR 
was low-range due to one of the attributes most affected by 
the management of sugarcane agricultural systems 
(Carvalho et al., 1991). The knowledge of spatial 
dependence range allows the sampling radius definition to 
guarantee, in the next samplings and for the same 
conditions of this study, the independence of sampling 
points, the minimization of the mean standard error, and 
the sampling maximization. 
The soil physical spatial distribution maps are presented in 
Figure 2. For Bd, there is a region of high concentration 
between 1.55 and 1.49 Mg m
-3
, indicating a soil compaction 
zone in the SR spacing (Fig. 2a). In DR spacing, the majority 
of Bd values were between 1.41 and 1.33 Mgm
-3
, with no 
defined region with high values (Fig. 2b), evidencing that 
sugarcane in DR spacing is more favorable to soil physical 
quality maintenance, and less susceptible to the soil 
structure changes caused by the machines traffic, 
corroborating with results previously found by Esteban et al. 
(2019). 
Most of the area under SR spacing presented PR values 
between 2.41 and 4.04 MPa (Fig. 2c), indicating an 
inadequate condition for root development, according to 
Bengough et al. (2011). Similar results in soils under 
sugarcane production were observed by Souza et al. (2006), 
where PR values ranged from 1.22 to 3.65 MPa, and by 
Roque et al. (2010), where PR values were 1.69 MPa in the 
row, and 3.03 MPa in the wheel area of the machines. 
In the DR spacing, the predominant PR value was 1.65 MPa 
(Fig. 2d), showing better soil physical quality in relation to SR 
spacing, corroborating with results found by Esteban et al. 
(2019), who also observed improvement in soil physical 
conditions and yield of sugarcane in controlled traffic and DR 
spacing. 
Greater Ma variability was obtained in the SR spacing, with 




(Fig. 2e), while in DR spacing the Ma values were between 




 (Fig. 2f). These values indicate a 
beneficial effect of DR spacing in relation to soil porosity, 
agreeing with Mendes de Sousa et al. (2017), and Esteban et 
al. (2019). In SR spacing, regions with the highest Ma values 
(Fig. 2e) coincide with the same regions with the lowest Bd, 




Table 1. Mean value, maximum and minimum values, standard deviation and coefficient of variation (CV) of soil physical attributes 
with sugarcane crop under different row spacing (n = 100). 
Attributes Spacing1 Mean* Median Minimum Maximum SD CV (%) 
Bd 
(Mgm³) 
SR 1.44 a 1.46 1.13 1.72 0.14 9.6 
DR 1.40 b 1.41 0.96 1.77 0.15 10.6 
PR 
(MPa) 
SR 2.68 a 2.36 0.53 7.42 1.49 55.8 
DR 2.49 a 2.17 0.50 9.88 1.56 62.7 
Tp 
(m3m-3) 
SR 0.539 b 0.533 0.467 0.701 0.038 7.1 
DR 0.561 a 0.552 0.496 0.677 0.038 6.7 
Ma 
(m3m-3) 
SR 0.127 a 0.111 0.039 0.291 0.054 42.3 
DR 0.141 a 0.122 0.031 0.348 0.065 46.3 
Mi 
(m3m-3) 
SR 0.412 a 0.417 0.318 0.481 0.032 7.9 
DR 0.420 a 0.421 0.322 0.485 0.033 7.9 
ƟFC 
(m3m-3) 
SR 0.388 b 0.392 0.293 0.454 0.034 8.7 
DR 0.404 a 0.406 0.298 0.476 0.037 9.0 
SR: Single-row spacing (1.5 m); DR: Double-row spacing (0.4 x 1.5 m); SD: standard deviation; CV: coefficient of variation; Bd: bulk density; PR: soil penetration resistance; Tp: Total porosity; Ma: 




Fig 1. Distribution of measurement points (in red) for soil properties in the single-row (a), and double-row spacing (b) of an Oxisol 
under sugarcane production. DHA = distance between harvester wheel; WW = wheel width. Bd: bulk density; Tp: Total porosity; Ma: macroporosity; Mi: microporosity; PR: soil 
penetration resistance; θ FC: water contentat field capacity. 
 
 
Table 2. Estimated models and parameters of experimental semivariograms of soil physical attributes with sugarcane crop under 
different row spacings (n = 100). 




SR Exponential 0.68 4.45x10-5 31.29 0.0436 0.0119 27 
DR PNE2 - - - - - - 
PR 
(MPa) 
SR Exponential 0.26 0.414 1.02 2.2830 0.2930 13 
DR PNE - - - - - - 
Tp 
(m3m-3) 
SR Exponential 0.76 1.41x10-7 9.60 0.0020 0.0009 45 
DR PNE - - - - - - 
Ma* 
(m3m-3) 
SR Exponential 0.73 1.03x10-6 10.95 0.0076 0.0017 22 
DR PNE - - - - - - 
Mi 
(m3m-3) 
SR Gaussian 0.82 1.81x10-7 18.98 0.0063 0.0007 11 
DR PNE - - - - - - 
FC 
(m3m-3) 
SR Gaussian 0.77 2.47x10-7 18.45 0.0060 0.0008 13 
DR PNE - - - - -  
SR: Single-row spacing (1.5 m); DR: Double-row spacing (0.4 x 1.5 m); SD: standard deviation; CV: coefficient of variation; Bd: bulk density; PR: soil penetration resistance; Tp: Total porosity; Ma: 
Macroporosity; Mi: Microporosity; ƟFC: water contentat field capacity; 






Fig. 2. Spatial distribution of soil physical attributes with sugarcane crop under single-row (SR) and double-row (DR) spacing. 
 
Similar behavior was observed for Mi values in SR spacing 
(Fig. 2g), which showed higher variability than in DR spacing 
(Fig. 2h). Regions with higher Mi (Fig. 2g) and water content 
in the field capacity (Fig. 2k), coincide with higher Bd regions 
(Fig. 2a) in SR spacing. This variability in Ma and Mi values, 
mainly in the SR spacing, was reflected in Tp values (Fig. 2i,j). 
These results are related to the compaction process, where 
air and water are  expulsed, leading to a reduction in soil 
volume and resulting in a higher Bd. According to Reichert et 
al. (2009), this greater proximity of particles promotes an 
increase in cohesion forces, resulting in a reduction of larger 
diameter pores (macropores), and an increase of the smaller 
pores (micropores). Regarding FC values (Fig. 2k), we 
observed a behavior similar to that observed in 
microporosity, probably due to the sharing of the same 
causes of variation. For water potentials equal to and 
greater than the field capacity, there was an increase of the 
water content retained in compacted soils, probably 
associated with a higher microporosity, which favors the 
capillarity process. Similar results were found by Stone et al. 
(1994), who evaluated physical and hydraulic attributes in a 
clayey Oxisol, and concluded a reduction in available water 
in the superficial layer after seven successive crops under a 
central pivot. Finally, spacing management in sugarcane 
cultivated in clayey soil mainly influences the superficial 
layer of soil, with higher changes seen in the Bd and PR  
 
attributes which are reflected in the distribution of the size 
of pores (Ma and Mi) and FC.Therefore, moisture 
monitoring before machine traffic commences is 
recommended to minimize compaction (Guimarães Júnnyor 
et al., 2019), as well as maintaining soil cover by vegetal 
residues, which can dissipate the compaction energy caused 
by the contact between the soil and the machine’s wheels 
(Silva et al., 2016). 
 




The experiment was carried out in Porto Xavier country 
(27°53’00, 15’’S and 55°12’07,25’’W), Rio Grande do Sul 
state, Southern Brazil. The climate in this region is classified 
as humid subtropical (Cfa) with hot summers and distributed 
rains throughout the year (Alvares et al., 2013). The soil was 
classified as Oxisol with clayey texture (60% clay; 17% silt 





Two areas of sugarcane production (RB855156 genotype) 
were planted in autumn 2013, both using conventional 




into the soil. Treatments were either sugarcane cultivated 
using: (i) single-row spacing (SR) of 1.50 m; or (ii) double-row 
spacing (DR) of 0.40 × 1.50 m. Areas using SR spacing 
occupied a total of 6 ha, area using DR spacing occupied a 
total of 2 ha. 
The sugarcane was harvested using an Austoft 7000 
sugarcane harvester, with a distance between wheels of 




Assessments of soil physical attributes were performed 
during the summer of 2016 after the second harvest. Soil 
measurements in each area were done at 100 points using a 
grid design with dimensions of 10 m long by 5 m wide. Soil 
sampling was taken from the 0.00-0.10 m layer; from points 
distributed along the planted row and the machine’s wheel 
track (Fig. 1). The following soil physical attributes were 
assessed: bulk density (Bd), total porosity (Tp), 
macroporosity (Ma), microporosity (Mi) (methodology by 
Teixeira et al., 2017), soil penetration resistance (PR) 
(methodology by Bradford, 1980) and water contentat field 




Basic statistical parameters i.e. the mean value, standard 
deviation, coefficient of variation (CV), and the maximum 
and minimum values for soil properties were determined. 
We used the coefficient of variation classification proposed 
by Wilding and Dress (1983), where CV <15% corresponded 
to lower variability, 15% ≤ CV <35% mean variability and CV 
≥ 35% corresponding to high variability. 
The spatial dependence and variation of the quantities were 
studied with the help of semivariograms (Vieira, 2000). 
Semivariance estimation was used following the 
methodology proposed by Matheron (1962) where the 
linear, spherical, exponential and Gaussian semivariograms 
were adjusted using the software GS+ (Gamma Design, 
2012). Criterion to define the better model used the cross-
validation technique, where the estimated values were 
related to the values sampled by linear regression. Two 
parameters of regression analysis were adopted to verify the 
model quality: (i) residual squared sum (RSS); (ii) 
determination coefficient (R
2
). Cambardella et al. (1994) 
classification was used to analyze the degree of the 
attributes’ spatial dependence: (i) strong spatial dependence 
with nugget effect < 25%, moderate spatial dependence 
with nugget effect between 25 and 75%, and weak spatial 
dependence with nugget effect >75%. For variables with 
spatial dependence, the ordinary kriging method was used 
to interpolate the values and to make the maps. The 
distance square inverse method was used for variables with 
no spatial dependence.  
Descriptive statistics analyzes were performed using R 




Bd and PR in the single-row spacing showed critical values 
for adequate sugarcane root development.  
The highest spatial variability of PR and Ma was found in 
double-row spacing, however, this spacing arrangement also 
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